ABSTRACT OBJECTIVES: This is the fi rst study evaluating the predictive value of myocardial performance on arrhythmia and mortality via tissue-Doppler and microvolt T-wave alternans in infants with hypoxic-ischemic encephalopathy treated with therapeutic hypothermia-rewarming. METHODS: The study included 23 term newborns having criteria for hypoxic-ischemic encephalopathy, and 12 controls. Tissue-Doppler imaging and T-wave alternans were performed in the fi rst six hours after birth in patients from both groups and after hypothermia-rewarming treatment on the fi fth day. RESULTS: The basal T-wave alternans values were higher in patients in lead aVF(p < 0.001) which also correlated with existing acidemia (r = 0.517; p = 0.012). Basal T-wave alternans and post-treatment values of patients were compared in leads V1 (p < 0.001) and aVF (p < 0.001); a signifi cant decrease was found on the fi fth day. Moreover, right ventricle diastolic diameter and estimated systolic pulmonary artery pressure of patients in the fi rst 6 hours were higher (p = 0.03, p < 0.001, respectively). Although, the ejection fraction of patients did not decrease, basal values of left and right ventricular systolic and diastolic functions were lower initially, and increased signifi cantly after treatment. CONCLUSION: The global cardiac functions and myocardial performance of newborns with hypoxic-ischemia might be improved with therapeutic hypothermia which can be determined by using T-wave alternans and tissueDoppler measurements. However, further studies are needed to assess whether these measurements are prognostic in determining the myocardial dysfunction and arrhythmias (Tab. 2, Fig. 3, Ref. 26). Text in PDF www.elis.sk.
Introduction
Hypoxic-ischemic encephalopathy is the major cause of mortality and morbidity in neonatal period (1, 2) . The mortality rate was reported as 10-60 % in infants with hypoxic-ischemic encephalopathy which is an important cause of admission to neonatal intensive care units with multi-organ dysfunction and presence of brain, heart and renal injury is signifi cantly associated with poor prognosis (1, 3) Hypoxia causes damage of the papillary muscles and myocardial tissue by affl icting cellular injury to the myocardium (4) The resulting myocardial dysfunction is one of the important parameters determining the prognosis (3). The incidence of cardiac dysfunction in perinatal asphyxia is in range of 24-60 % (5). The tissue Doppler imaging is known being better than conventional echocardiography in evaluating the systolic and diastolic functions of the ventricles. Microwolt T-wave alternans is a well-known noninvasive predictor of ventricular arrhythmias in patients with cardiomyopathies (6, 7) . Although there is some limited number of studies related to microwolt T-wave alternans in adult patients, there is not any study on newborns with hypoxic-ischemic encephalopathy. It has been reported that the rate of mortality and neurodevelopmental morbidity decrease with therapeutic hypothermia in infants with moderate and severe hypoxic-ischemic encephalopathy (8, 9) . However, there is no study investigating the effect of therapeutic hypothermia on cardiac dysfunction. This is the fi rst study aiming to evaluate the predictive value of myocardial performance on arrhythmia and mortality with the use of tissue Doppler imaging and microwolt T-wave alternans in hypoxic infants who were endangered with therapeutic hypothermia and rewarming.
Methods

Study group
This prospective randomized study was done at the newborn intensive care unit during a period from July 2016 to November 2016. The diagnosis of hypoxic-ischemic encephalopathy was based on American College of Obstetricians and Gynecologists criteria (10) . The severity of hypoxic-ischemic encephalopathy was determined according to modifi ed Sarnat staging (11) . This study included 23 term newborns having the diagnostic criteria for hypoxic-ischemic encephalopathy and scored using Sarnat staging as well as age and gender-matched 12 healthy infants as control. The exclusion criteria were arriving at the center > 6 h after birth, having gestational age < 36 weeks, having severe intrauterine growth retardation, congenital heart disease or severe congenital anomalies. Patients who meet the inclusion criteria and who were diagnosed with hypoxic-ischemic encephalopathy, having 10 min Apgar score ≤ 5, those who received positive pressure ventilation until 10 min after delivery, or those with pH < 7.0, or base excess ≤-16 based on blood gas analysis within the fi rst hour after birth were evaluated further. Amplitude-integrated electroencephalography (aEEG) records (Brainz; Natus Medical, San Carlos, CA, USA) were kept for at least 30 min to consider any fi nding(s) indicative of moderate or severe encephalopathy (i.e. lethargy, stupor, and coma), hypotonia, abnormal refl exes (i.e. pupil response to light), or convulsion. Only patients with moderate and severe hypoxic-ischemic encephalopathy were included in the study. Infants were cooled using the manually controlled cool cap (Olympic Medical Cool Care System; Olympic Medical, Seattle, WA, USA) for 72 hours which was followed by rewarming over 6 hours. In the hypoxic-ischemic encephalopathy group, the aim was to maintain rectal temperature at 33-34 °C for 72 h. After 72 h of cooling, the rectal temperature was increased to 36.5 °C at ≤ 0.5 °C/h. Patients who were not in the target temperature range for >1 h were excluded. Myocardial involvement was assessed with pulse and tissue Doppler echocardiography and microwolt T-wave alternans which were performed in the fi rst six hours after birth, and after hypothermia-rewarming treatment on the fi fth day of life.
The control group consisted of healthy individuals with normal echocardiographic and electrocardiographic examinations, and without history of cardiovascular disease. Consents of the local ethics committee were taken (2016/204).
Echocardiography
Both the patient and control groups were evaluated by transthoracic echocardiography (Vivid S5 Pro Ultrasound System (GE Medical Systems, Horten, Norway)) by using 6 MHz transducers. All subjects underwent a complete 2-dimensional spectral Doppler, and color fl ow Doppler examinations. Echocardiographic examinations were performed by the same experienced echocardiographer. Three cardiac cycles were recorded to reduce the infl uence of respiration on myocardial velocities. The left ventricle ejection fraction was calculated by using Simpson's biplane method. Right ventricle morphology was defi ned by using right ventricular end-diastolic diameter. Tricuspid regurgitation jet and ventricular septal fl attening were used to assess pulmonary hypertension in conventional echocardiography. Tissue Doppler velocities were obtained at the apical 4-chamber view. Sample volume was placed at the septal and lateral ages of the annulus of mitral and tricuspid valves, and at medium and apical areas of left ventricle, interventricular septum and right ventricle. It was important to minimize the incidence angle between the Doppler beam and the direction of the myocardial wall motion. Doppler signal quality was enhanced by lowering the Nyquist limit to 10 to 30 cm/s, using the lowest wall fi lter settings with minimal optimal gain, decreasing Doppler sample volume size to 5 mm, and optimizing the sweep speed at least to 100 mm/s. Peak early diastolic (Em), peak atrial systolic (Am), and peak systolic (Sm) myocardial velocities were recorded. At the same time, Em / Am ratio was calculated.
Holter ECG and microvolt T-wave alternans measurement
A 24-hour Holter electrocardiography (ECG) monitoring was done by use of a digital recording device (Seer MC) produced by GE Medical Systems, Nogoya, Japan in both groups. The measurements were taken from 3 derivations including V5, V1 and AVF. A sampling velocity of 128 Hz was selected. In both groups, the recordings were obtained in sinus rhythm. Microwolt T-wave alternans analysis was performed in form of maximum microwolt T-wave alternans analysis by way of the 7.2 version of the software produced by Mars PC systems. The method used for analysis was time domain Modifi ed Moving Average. Microwolt T-wave alternans was analyzed from routine 24-hour Holter ECG recording based on V5, V1 and AVF derivations.
Statistical analysis
The data were processed and analyzed by using the STATA MP/11 statistical package. Normality assumption for continuous echocardiographic parameters and lead values was checked by Shapiro Wilk test. These variables were summarized as mean and standard deviations and the comparisons between patient and healthy control groups were performed using independent t-test died. Thus, hypoxic-ischemic encephalopathy group included 23 patients and control group included 12 newborns. Mean gestational age, gender, birth weight, head circumference, type of delivery did not differ in between the groups. Apgar score of the hypoxic infants was 4.43±0.99 at 5th minute. Mean pH value of the arterial blood gas was 6.85±0.23 and base defi cit was 13.43±3.56 within the fi rst hour of life. Twenty infants (87 %) were in Sarnat 2 and only 3 (13 %) were in Sarnat 3. In aEEG evaluation, 15 patients (65.2 %) had moderate and 8 patients (34.8 %) had severe impairment (Tab. 1). Newborns with hypoxic-ischemic encephalopathy were evaluated in the fi rst six hours after birth and on fi fth day of life for hypotension, bradycardia, thrombocytopenia, abnormal coagulation test, abnormal renal function, electrolyte imbalance, elevation of liver enzymes, sepsis with culture positivity, persistent pulmonary hypertension, pulmonary air leak, need for mechanical ventilation or extubation during the cooling period, but there were no signifi cant differences between any of them. None of the patients or Mann-Whitney U test. The change in lead values between the fi rst and fi fth days were analyzed using Paired t-test. The comparisons for categorical variables were done using chi-square test or Fisher's exact test. The correlations between microwolt T-wave alternans lead aVF values and the others were also investigated using Pearson correlation coeffi cient. Statistical signifi cance level was assessed as less than 0.05.
Results
During the period of study, 29 newborns were diagnosed as suffering from hypoxic-ischemic encephalopathy. Of them, 6 were excluded for not fulfi lling the inclusion criteria. Two were excluded being aged > 6 h at the time of randomization, one had congenital malformation, one was excluded because of inability to evaluate the ECG records and two were excluded because they were hemodynamically unstable, required recurrent resuscitation and soon had hypoglycemia, necrotizing enterocolitis, or high hemoconcentration. Dopamine was used as a positive inotropic agent during the ventilation therapy of these patients. Tachycardia or bradycardia episodes were not observed in the patients during the study.
Mean velocities of Em, Am and Sm waves in the left ventricle and right ventricle were signifi cantly lower in hypoxic group on the fi rst day of life (p < 0.05). Also, Em / Am values in transmitral tissue Doppler imaging were signifi cantly lower than in the control group on the fi rst day (p = 0.001) (Figs 1 and 2, respectively) . Myocardial performance index values of both ventricles measured with Pulse Doppler on the fi rst day of life were higher in patients, but were not statistically signifi cant. In the hypoxic group, right ventricular end-diastolic diameter, estimated systolic and diastolic pulmonary arterial pressures calculated from the tricuspid regurgitation and pulmonary regurgitation values on the fi rst day of life were signifi cantly higher (p = 0.03, p = 0.001, p = 0.002, respectively) (Tab. 2). In patients after cooling and rewarming treatment on the fi fth day of life, mean velocities of Em, Am and Sm waves in the left ventricle and right ventricle were signifi cantly higher than those recorded on the fi rst day of life (p < 0.05). There was no signifi cant change in transmitral tissue Doppler analysis of Em / Am values between those measured on the fi rst and fi fth days (Figs 1 and 2, respectively) . Myocardial performance index values measured with Pulse Doppler were slightly decreased after cooling treatment on the fi fth day, but were not signifi cant. Hypoxic infants had a decrease in tricuspid regurgitation and pulmonary regurgitation values on fi fth day when compared with those on the fi rst day of life, but this decrease was signifi cant only in pulmonary regurgitation value (p = 0.049). Other echocardiographic parameters are showed in Table 2 .
Microwolt T-wave alternans values; lead V5 was 85.74±14.47 μV in the patient group (80.08±20.24 μV in the control group), lead V1 was 82.74±13.71 μV (81.83±23.32 μV in the control group), and lead aVF was 87.39±8.63 μV (73.50±27.43 μV in the control group). The microwolt T-wave alternans values were compared; only lead aVF values were statistically higher in patients (p < 0.001) (Figure 3 ). Microwolt T-wave alternans values of patients on the fi rst day of life in lead V5 were 85.74±14.47 μV (72.14±24.03 μV on the fi fth day of life), in lead V1 they were 82.74±13.71 μV (56.05±18.95 μV on the fi fth day of life), and in lead aVF they were 87.39±8.63 μV (59.24±22.48 μV on the fi fth day of life). Baseline microwolt T-wave alternans values were compared with the values after hypothermia and rewarming, and values of lead V1 and aVF decreased signifi cantly after treatment (p < 0.001, p < 0.001) (Fig. 3) .
In infants with hypoxic-ischemic encephalopathy microwolt Twave alternans values in lead aVF on fi rst day of life were significantly correlated with the severity of acidosis (r = 0.517 p = 0.012). There was no signifi cant relationship between microwolt T-wave alternans values and aEEG fi ndings and hospitalization period.
Discussion
This is the fi rst study evaluating the cardiac effects of therapeutic hypothermia and rewarming with microwolt T-wave alternans and tissue Doppler imaging. It has been determined that the microwolt T-wave alternans values were higher in infants with hypoxic-ischemic encephalopathy when compared to healthy newborns, and reduced signifi cantly with the treatment of therapeutic hypothermia. Moreover, it was shown that in patients with hypoxic-ischemic encephalopathy, microwolt T-wave alternans values in lead aVF, which were signifi cantly higher, were signifi cantly correlated with the severity of acidosis. Furthermore, by tissue Doppler imaging it was shown that decreased tissue systolic and diastolic functions signifi cantly improved with the therapeutic hypothermia on the fi fth day.
The severity and duration of perinatal asphyxia determines the degree of post-asphyxia cardiac dysfunction. Van Bel et al. showed left ventricular dysfunction especially on the fi rst two days in infants with asphyxia (12) . The left ventricular dysfunction may result in end-organ hypoperfusion and lead to aggravation of hypoxic/acidotic condition. Due to clinical utility of clinical signs, ECG and echocardiographic changes remain unknown; diagnosis of myocardial dysfunction is not easy. Myocardial performance index and tissue Doppler techniques, which are being used increasingly, are effective and noninvasive methods to evaluate hemodynamic impairment and global systolic and diastolic functions (13) . In this study, echocardiographic data were evaluated on the fi rst fi ve days of life. It has been known that the effect of perinatal asphyxia on heart on the fi rst days of life is more distinctive. Moreover, very few studies with healthy newborns have demonstrated that major myocardial circulatory changes appeared to be particularly on the fi rst day whereas with little or no changes on the following days (14) . In our study, the mean velocities of Em, Sm, and left ventricle and ratio of transmitral Em / Am on the fi rst day were statistically lower in hypoxic group, similar to the data in literature. Although, the myocardial performance index values measured with Pulse Doppler in both ventricles were higher in the asphyxic group, it was not signifi cant. Wei et al. showed that tissue Doppler imaging Sm values were lower in asphyxic group. They also showed that tissue Doppler imaging Sm was more sensitive than M mode echocardiography in evaluating left ventricular systolic function in newborns with asphyxia (15) . In another study, tissue Doppler imaging deformation indices of myocardial function in the asphyxic group were found lower than that of the control on the fi rst day of life (16) . Despite limited numbers of studies evaluating the cardiac functions with post therapeutic hypothermia-rewarming processes, results seem to be confusing. Zhou et al. did not fi nd signifi cant differences in cardiac functions between normothermic asphyxiated newborns and asphyxiated newborns treated with hypothermia (17) . In another study including seven asphyxiated patients, it was shown that cardiac output was decreased as to 67 % of normal with whole-body hypothermia and passive rewarming (18) . In two recent studies, Sehgal et al had found that global cardiac functions were low in infants undergoing hypothermia (19) . Nestaas, et al. had showed an improvement in deformation indices with the tissue Doppler imaging on myocardial function when compared to the fi rst day in the cooled group after rewarming (16) . In our study, the echocardiographic evaluation after the therapeutic hypothermia and rewarming revealed that the tissue Doppler imaging parameters of both ventricles were signifi cantly higher than those recorded on the fi rst day of life. Moreover, myocardial performance index values evaluated with the pulse Doppler had an improvement after cooling treatment on fi fth day, but were not statistically signifi cant. Nestaas at al. showed such a similar improvement in asphyxiated infants in a serial echocardiographic evaluation on fi rst day of life and post-treatment on fourth day also (16) . Sehgal et al. performed echocardiography to the asphyxiated infants treated with hypothermia only on the fi rst day of life. Since, this study was not a serial echocardiography evaluation, it is difficult to determine the effect of 72 hours of cooling and rewarming therapy on cardiac functions. Neonatal heart works at maximal of contractility (16) . The improvement in cardiac function of asphyxiated infants with therapeutic hypothermia and rewarming can be explained by the preserved ability of the heart to maintain working at a high level of contractility. In addition, tissue Doppler imaging may provide earlier diagnostic values in assessing cardiac function of newborns with the history of asphyxia in the follow-up.
The infl uence of hypoxemia is related to myocardial dysfunction in asphyxiated neonates and is thought to be secondary to direct effect of ischemia of cardiac myocytes (20) . Thus, changes in ECG may be seen as a result of myocardial hypoxia in asphyxiated newborns. Microwolt T-wave alternans is an electrocardiographic phenomenon displaying inhomogeneity of the myocardial repolarization process. The inhomogeneity of the intracardiac repolarization leads to a dispersion of the depolarizing wave, reentry phenomenon and, resulting in initiation of the ventricular arrhythmia. Prognostic value of microwolt T-wave alternans was proven in ischemic heart diseases, heart failure and cardiomyopathies (21) (22) (23) . On the other hand, there was not any study using microwolt T-wave alternans measurements for asphyxic infants in literature. This is the fi rst study measuring microwolt T-wave alternans with time-domain Modifi ed Moving Average method in asphyxiated infants with therapeutic hypothermia and rewarming. In children with congenital and/or acquired heart diseases, there were only two studies using the time-domain Modifi ed Moving Average method microwolt T-wave alternans. In this study, Makarov et al. compared 63 healthy children with 85 pediatric patients with congenital or acquired cardiovascular disease and microwolt T-wave alternans values were found signifi cantly higher in patient group (24) . In another study, Makarov et al. were evaluated 20 healthy newborns on fi rst, second and fourth days after birth with the same technique, and the average peak value of T-wave alternans was found to be 32±8 (12-55) μV (25) . In our study, microwolt T-wave alternans values in all leads were higher in asphyxiated infants than in controls, suggesting cardiac impairment in asphyxiated infants. In our study, there was also a control group in which microwolt T-wave alternans was done within the fi rst 24 hours. However, the microwolt T-wave alternans values in the control group were higher than those of Makarov et al. The high microwolt T-wave alternans values in the control group in our study can be explained by the fact that microwolt T-wave alternans was done in the fi rst 24 hours, and especially on the fi rst day, the major changes may occur in myocardial circulation in neonates.
It has been shown that hypothermia may protect cardiac autonomic regulation in critically ill patients and also that it is associated with favorable results in heart rate variability in patients treated with hypothermia (26). In our study, signifi cantly reduced initial microwolt T-wave alternans values with hypothermia and rewarming therapy and improvement of tissue Doppler measurements support the effi cacy of treatment. No serious arrhythmia was observed in Holter ECG recordings of our patients, because hemodynamically unstable patients were not included in the study and there was no death in the patient group during the study. In addition, the high microwolt T-wave alternans values were correlated with the severity of acidosis, but not with patients' day of hospitalization and aEEG values. However, the prognostic effect of microwolt T-wave alternans cannot be fully explained without assessing the long-term neurofunctional development of these patients.
Microwolt T-wave alternans has been a widely used method, studied retrospectively and prospectively aiming to better identify patients at increased risk of sudden cardiac death (25) . However, there are very few data about peculiarities of microwolt T-wave alternans in children, or even non-existent in asphyxic babies. In order to determine the cut-off levels of microwolt T-wave alternans as well as their possible predictable values for arrhythmia or cardiovascular mortality in these patients, further studies are required. Although in other studies, microwolt T-wave alternans values have been shown to be effective in determining the development of arrhythmia, the prognostic value of microwolt T-wave alternans has not been clearly demonstrated in our study since arrhythmia and sudden death did not occur in the patient group. For defi nitive outcomes, there is a need of long-term follow-up studies to determine the risk of sudden death and arrhythmia.
There are some limitations to the current study. The absence of the control group on the fi fth day is a limitation to this study, since the hemodynamics of the heart has a rapid change in the neonatal period. The association between hypoxic-ischemic insults and increased microwolt T-wave alternans may be related to several factors such as the direct effects of hypoxia on the myocardium, brainstem hypoxia leading to autonomic dysfunction, impact of inotropic drugs or effects of other critical care interventions. There were no signifi cant differences in biochemical or hematological parameters and treatments that were applied during the cooling period in patients with hypoxic ischemic encephalopathy between the fi rst six hours after birth and fi fth day of life in our study.
In conclusion, the global cardiac functions of newborns with hypoxic-ischemic encephalopathy are negatively related to the severity of asphyxia. We conclude that the myocardial dysfunction and arrhythmia predisposition might be improved with therapeutic hypothermia which can be determined by using microwolt T-wave alternans and tissue Doppler measurements. However, further studies are needed to assess whether these measurements are prognostic in determiningmyocardial dysfunction and arrhythmias in newborns.
